We measure the energy relaxation rate of single-and few-layer molybdenum disulphide (MoS 2 ) nanomechanical resonators by detecting the resonator ring-down. Recent experiments on these devices show a remarkably low quality (Q)-factor when taking spectrum measurements at room temperature. The origin of the low spectral Q-factor is an open question, and it has been proposed that besides dissipative processes, frequency fluctuations contribute significantly to the resonance line-width. The spectral measurements performed thus far however, do not allow one to distinguish these two processes. Here, we use time-domain measurements to quantify the dissipation. We compare the Q-factor obtained from the ring-down measurements to those obtained from the thermal noise spectrum and from the frequency response of the driven device. In few-layer and single-layer MoS 2 resonators the two are in close agreement, which demonstrates that the spectral line-width in MoS 2 membranes at room temperature is limited by dissipation, and that excess spectral broadening plays a negligible role.
Micro-and nanomechanical resonators are of interest for a wide range of applications, including sensors for mass, force and pressure, as well as digital devices such as switches and memories. Recently, 2-dimensional layered materials, like graphene and molybdenum disulfide (MoS 2 ) have been deployed as materials for nanomechanical resonators [1] [2] [3] [4] [5] .
These freely suspended devices, which can be as thin as a single atom, provide the ultimate limit in mass and surface-to-volume ratio, while maintaining a high resonance frequency due to a very high elastic modulus [6, 7] . An important parameter of the resonator is the dissipation [4, [8] [9] [10] [11] [12] [13] , which is often expressed by the quality (Q)-factor. It is defined as the energy stored in the resonator divided by the energy dissipated per cycle. In experimental work with 2-dimensional crystal resonators reported until now, the Q-factor has been determined from a swept-frequency measurement, by normalizing the full-width-at-halfmaximum of the resonance peak to the resonance frequency. These spectral measurements invariably show a low Q-factor when performed at room temperature, and the origin of this low spectral Q-factor is an open question.
2-Dimensional resonators are strongly nonlinear and very sensitive to fluctuations.
In general not only the displacement fluctuates, but also one or more of the resonator parameters. For example, the mass of the resonator changes due to the adsorption and desorption of ambient molecules [8, 14] . A nonlinear spring constant converts the displacement fluctuations, that arise from thermal noise, to frequency fluctuations. Furthermore, the resonance frequency may fluctuate as a result of interactions with a noisy system, such as a capacitively coupled gate electrode, or a coupled vibrational mode that executes thermal motion [15] [16] [17] [18] . While these parametric fluctuations are in principle not dissipative, they contribute to the broadening of the spectral line-width.
Theoretical work has suggested that the large spectral line-width in 2-dimensional resonators could arise from such frequency fluctuations, rather than from energy loss through dissipation [19] [20] [21] . This has also been suggested in recent experimental work, in which the temperature-dependence of the spectral line-width of graphene resonators is investigated [22] . However, the spectral techniques used so far in itself do not distinguish dissipation from the proposed spectral broadening mechanisms, and therefore the role of non-dissipative broadening effects remains unclear.
In this Letter, we present a method to quantify the dissipation of nanomechanical resonators, by measuring the relaxation time. While ring-down measurements have been used before in high-stress micromechanical strings and beams with ring-down times on the scale of a second [23] [24] [25] [26] , here we study low-Q devices with the thickness of a few atoms, for which a ring-down occurs within a microsecond. This timescale, combined with the relatively weak signal from such membranes, makes the detection of the ring-down signal challenging. A homodyne mixing technique is used, and the measured response is averaged in the time-domain, which allows time-resolved measurements on micrometer-scale devices with atomic thickness. The Q-factors that correspond to the relaxation time, Q R , are compared with the spectral Q-factors, Q S , obtained from driven frequency response measurements and from the thermal noise spectrum. The measurements are performed at room temperature (300 K) on micrometer-sized drum resonators fabricated from suspended single-layer and few-layer MoS 2 crystals with low residual stress, in which, compared to graphene, a lower dissipation is expected due to a large energy gap in the phonon dispersion [27] .
To fabricate the nanomechanical drum resonators, we start with a boron-doped silicon wafer with a 285 nm thick layer of thermally grown silicon oxide. Circular holes with a diameter ranging from 1 to 5 µm are patterned in the silicon oxide using electron-beam lithography and subsequent dry etching. Thin layers of MoS 2 are obtained by mechanically exfoliating bulk crystals onto a poly(dimethylsiloxane) (PDMS) film. The flakes are then transferred onto the substrate using a recently developed all-dry transfer technique with a micromanipulator and a microscope [28] . Figure 1(a) , inset, shows a MoS 2 flake transferred onto the pre-patterned substrate.
The drum motion is probed using the optical interferometer [1, 4] shown schematically in Fig. 1(a) .
The silicon substrate acts as the fixed mirror, while the suspended nanodrum acts as the moving mirror. A 25 mW linearly polarized Helium-Neon laser, whose output power is attenuated through a neutral density filter, is expanded (3×) using two lenses, as to match the aperture of the objective lens (50×, numerical aperture = 0.60, working distance = 9 mm) to obtain a diffraction-limited spot. Before hitting the drum, the light passes a polarizing beam splitter (PBS) and a quarter-wave plate. The reflected light passes again through the λ/4 plate and is directed by the PBS onto the photodetector. The resonator is driven photothermally using the light from a blue diode laser with an rf-modulated intensity, that is coupled in via the dichroic mirror. During the non-driven measurements, the modulation depth is set to zero. All measurements are conducted at room temperature and, to avoid damping from viscous air, at a pressure of ∼ 10 −3 mbar.
We start with a measurement of the spectral line-width, by measuring a driven frequency response using a network analyzer. This is the typical measurement from which the Q-factor of nanomechanical resonators is determined. Figure 1(b) shows the amplitude and phase response of the drum encircled in Fig.1(a) , with a diameter of 3 µm and a thickness of 5 layers (∼ 3.2 nm). The response of the weakly driven fundamental mode fits well to a damped-driven harmonic oscillator, with a resonance frequency f 0 = 7.52 MHz and a Q-factor Q S = 37.7 ± 0.4. This spectral Q-factor is typical for resonators made from 2-D materials at room temperature [4, 12, 29] , and is in sharp contrast to the Q-factors observed for similar devices at low temperatures which can exceed 10 5 [30] [31] [32] . Recent work
shows that the line-width in resonators from suspended carbon nanotubes and graphene could depend on the amplitude of the motion [12, 33] . To verify whether the driving force gives rise to spectral broadening, we measure the motion of the drum without driving force.
Figure 1(c) shows the thermal noise spectrum. From a Lorentzian fit, we find f 0 = 7.48 MHz and Q S = 38 ± 2, which is in close agreement with the driven measurement. Furthermore, no significant change in the spectral Q-factor was found when the drive strength was varied [34] . From this we conclude that driving-force dependent spectral broadening plays no significant role in our device.
To measure the mechanical ring-down, we introduce the measurement scheme depicted in Fig. 2(a) . The drum is driven at f d using the laser diode, and its motion is probed by the photodiode. By opening the rf-switch the driving signal is interrupted, which causes the resonator to relax to equilibrium. The quadrature corresponding to the drum amplitude, which is selected using the phase shifter, is recorded on an oscilloscope.
The time-domain signal is averaged over multiple ring-down events (typically 1000), by triggering the scope in synchrony with the rf-switch. In the present experiments the trigger frequency is 10 kHz, and the duty-cycle of the trigger pulse equals 50%, enabling the detection of the resonator ring-down and the ring-up transients. The relaxation times are obtained by fitting an exponential function to the averaged amplitude data, with y = y 0 + A 1 e −((t−t 0 )/τ R ) , and the ring-down Q-factor is then calculated as Q R = πτ R f 0 . Since the ring-down measurement is averaged in the time domain, it is insensitive to frequency fluctuations [8, 35, 36] . This makes it possible to distinguish line-width broadening by dissipative processes from those occurring from parametric noise. While five-layer MoS 2 resonators vibrating in the linear regime mechanically behave almost like a plate, thinner devices are in the membrane regime [4] . In a membrane, the bending rigidity becomes negligible and the restoring force arises from the initial tension Ring-down measurement of the same device, and exponential fit with τ R = 0.6 µs, which corresponds to Q R = 41.8 ± 0.4. and the displacement-induced tension. In such devices, a fluctuating tension could give rise to significant frequency fluctuations, leading to a low Q S [17, 19, 37] . To investigate whether spectral broadening can be observed in the membrane regime, we measure the spectral and ring-down Q-factors of a single-layer MoS 2 membrane, with a diameter of 2 µm. Figure 3(a) shows the amplitude and phase response of the weakly driven device, and the fitted harmonic oscillator. We extract f 0 = 22.2 MHz and Q S = 41.5 ± 0.3. Figure 3(b) shows a ring-down measurement of the same device, with f d = f 0 = 22.2 MHz. From the exponential fit, the ring-down time is τ R = 0.6µs, which corresponds to Q R = 41.8 ± 0.4. This is in agreement with the spectral Q-factor, from which we conclude that also for the suspended single-layer resonator, which is in the membrane limit, the spectral line-width is limited by dissipative processes.
These experiments show that for nanomechanical resonators fabricated from 2-dimensional materials, the Q-factors obtained from spectral measurements at room temperature are in good agreement with those determined from ring-down experiments.
This observation applies to few-and single-layer resonators, that vibrate in the plate and in the membrane regimes. This indicates that parametric spectral broadening is not the main cause of the experimentally observed low Q-factors in such devices. Possible candidates for the low Q-factor should be sought in dissipative mechanisms, such as surface effects and clamping losses. Given the high Q-factors observed at low temperatures, it will be interesting to investigate how the dissipation develops as a function of the temperature. To this end, spectral line-width measurements [22] could be complemented by measurements of the relaxation time, using the presented measurement technique. On the other hand, more insight in the effects of parametric spectral broadening could be obtained by applying controllable parametric noise to the resonance mode, for example by driving a gate electrode or a different vibration mode of the same resonator with a stochastic signal. Using the detection scheme presented here to measure the relaxation time of the resonator, which may be on the timescale of a microsecond, the dispersive and dissipative mechanisms that contribute to the width of the resonance peak can then be discriminated. 
